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Introduction

Chemotherapeutics have been reported to produce, equally in males and females, a 

peripheral polyneuropathy that can persist for months to years beyond cessation of treatment 

[Dougherty et al., 2007; Tofthagen et al., 2010; Mols et al., 2014] and has been reported to 

occur in 35–100% of people receiving treatment [Han and Smith, 2013]. Unfortunately, the 

severe pain associated with the polyneuropathy not only decreases quality of life, but also 

affects patient compliance and can limit clinical use. Understanding the mechanisms 

underlying the development of this pain state is important to further efforts to develop 

targets for therapeutic intervention.

While the mechanisms underlying the polyneuropathy are complex, it is appreciated that the 

engagement of Toll-like receptors (TLRs) may facilitate pain development by inducing pro-

inflammatory cytokine expression [Li et al., 2014; Liu et al., 2014; Park et al., 2014]. This 

induction occurs via different signaling cascades (Figure 1A). Activation of the Myeloid 

differentiation primary response gene 88 (MyD88) pathway leads to the activation of NFκB 

and the production of pro-inflammatory cytokines. Alternatively, activation of the TIR-

domain-containing adaptor-inducing interferon-β (TRIF) adaptor protein results in 

production of type 1 interferon (IFN) and a delayed production of pro-inflammatory 

cytokines [O’Neill and Bowie, 2007]. All TLR activation leads to signaling through one of 

these two pathways and may play a role in cisplatin-induced pain.
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A study by Park et al. showed that male mice deficient in both MyD88 and TRIF signaling 

do not develop tactile allodynia following cisplatin treatment [Park et al., 2014]. In addition, 

the group examined Myd88−/− and Triflps2 mice, revealing distinct roles of each pathway. 

For example, Triflps2 mice showed a delayed, but persistent tactile allodynia. In contrast, 

Myd8−/− mice showed a less severe allodynia. Furthermore, Li et al. [2014] found that 

paclitaxel-induced allodynia in rats was prevented by intrathecal administration of the TLR4 

antagonist LPS-RS, and was transiently reversed by both LPS-RS and, to a lesser extent, by 

MIP, a MyD88 antagonist. Together, these results demonstrate a complex role of TLR 

signaling pathways in chemotherapeutic-induced polyneuropathy.

It is well recognized that many chronic pain conditions affect females at a higher rate than 

males [Mogil, 2012], yet many experimental protocols only examine male mice. In addition, 

cisplatin is used for the treatment of a variety of female-specific cancers and females equally 

experience chemotherapeutic-induced polyneuropathies. This is important to note because 

recent work has made the case that spinal TLR4 signaling mediates pain associated with 

mononeuropathy in male, but not female, mice [Sorge et al., 2011]. Examining whether 

innate immune signaling plays an equal role in both sexes may point to important 

mechanistic differences underlying the development of persistent pain following 

administration of chemotherapeutic agents, and, potentially, the necessity to develop 

different therapeutic interventions for each sex. Accordingly, the current study examined the 

development of cisplatin-induced polyneuropathy in male and female wild type mice, and 

whether innate immune signaling is necessary for the induction and maintenance of pain in 

this model.

Method

Animals

The protocol was approved by the Institutional Animal Care and Use Committee at the 

University of California, San Diego. Mice were housed up to four per standard cage while 

maintained on a 12:12-hr light/dark cycle, with food and water available ad libitum. All of 

the procedures and testing were conducted during the light portion of the cycle. Male and 

female wild type C57Bl/6 (n=7 and n=8, respectively) mice were purchased from Harlan 

(Indianapolis, IN). TheTlr4−/− (n=4 male, n=5 female), Tlr3−/− (n=6 male, n=5 female), and 

Myd88−/− (n=7 male, n=8 female) mice were a gift from Dr. S. Akira (Osaka University, 

Japan) and were backcrossed for 10 generations onto the C57Bl/6 background. Triflps2 (n=8 

male, n=7 female) mice were a gift from Dr. B. Beutler (University of Texas Southwestern, 

Tx) and were directly generated on the C57Bl/6 background. Myd88−/− mice and Triflps2 

mice were intercrossed to generate Triflps2/Myd88−/− mice (n=8 each male and female). 

These mice are described in Figure 1B.

Drug Treatment

In the current experiments, male and female WT, Tlr3−/− Tlr4−/−, Myd88−/−, Triflps2, and 

Triflps2/Myd88−/− mice received 6 intraperitoneal (i.p.) injections of cisplatin (2.3 mg/kg/

day; Spectrum Chemical MFG, Gardena, CA, USA) every other day over the course of two 

weeks, a dose previously shown to induce tactile allodynia, but not impair motor function or 
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result in morbidity (Park et al., 2013; Park et al., 2014). Between cisplatin injection days, 

lactated Ringer’s solution (0.25 ml) was injected to maintain hydration and to protect the 

kidney and liver. During the period of cisplatin administration, gross behavioral 

observations were made and animals were assessed for general health, including changes in 

body weight. In case of dehydration, additional lactated Ringer’s solution was administered. 

In this study, the criteria for euthanasia was weight loss in excess of 20%, however, no 

animals required euthanasia.

On day 18 following initiation of cisplatin treatment, baseline thresholds were measured. 

Then, mice received an i.p. injection of gabapentin (100mg/kg; Toronto Research 

Chemicals) diluted in 0.9% sterile saline. To test the efficacy of gabapentin in reversing 

established neuropathic pain, behavioral testing was conducted again 45-min later.

Behavioral Tests

Tactile allodynia testing was conducted prior to each injection of cisplatin (days 0, 2, 4, 7, 9, 

11) and at days 15, 18, 21, and 23 following initiation of treatment. Animals were placed in 

clear, plastic, wire mesh-bottomed cages for 45-min prior to the initiation of testing. Tactile 

thresholds were measured with a series of von Frey filaments (Seemes Weinstein von Frey 

anesthesiometer; Stoelting Co., Wood Dale, IL) ranging from 2.44 to 4.31 (0.02–2.00 g) 

using the up-down method [Chaplan et al., 1994]. In light of reports of the possible 

contribution of the gender of the experimenter [Sorge et al., 2014], we note that a female 

performed mouse behavioral testing.

Statistical Analysis

Results are represented as mean ± SEM. Statistical analysis was performed using GraphPad 

Prism (version 6; GraphPad Software, San Diego, CA). For comparison of weight and 

mechanical hyperalgesia, 2-way analysis of variance (ANOVA) was used to determine main 

effects, depending on sex and time. In addition, Bonferroni multiple comparisons tests for 

post hoc analyses of specific differences were used. In all cases p < .05 was considered 

significant.

Results

Baseline reactivity is similar across sex and strain of mouse

We first examined whether there were baseline differences in tactile reactivity between male 

and female mice, and across strains (Figure/Table 2 A or B). In comparing baseline values, 

an ANOVA revealed a significant main effect of strain of mouse [F (5, 69) = 3.314, p = 

0.0097] however, post hoc analyses do not indicate any specific differences between groups 

(p > .05). Additionally, there were no differences between the sexes at baseline [F (1, 69) = 

0.469, p > .05]. All mice had tactile thresholds above 1.5 g, which is considered to be 

normal reactivity for this mouse strain (range 1.578 ± 0.117 – 2.0 ± 0.0).

Cisplatin treatment induces persistent tactile allodynia in male, but not female mice

We first examined whether male mice developed a persistent tactile allodynia in response to 

cisplatin treatment. Because baseline reactivity varied significantly by strain of mouse, the 
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development of tactile allodynia, over time, was assessed by comparing each score to the 

baseline threshold in that group. In the present study, we replicated previous results, 

demonstrating that male WT mice showed a significant decrease in mechanical threshold 

from Day 4-Day 23 (Figure 3A; p < .05) following cisplatin treatment. Surprisingly, we 

found that female animals did not show the same pattern of tactile allodynia after cisplatin 

treatment (Figure 3B). Instead, we found female WT animals exhibit a decrease in 

mechanical threshold from Day4-Day 18 (p < .05), and then showed a return to baseline by 

Day 23 remaining significantly higher in threshold than male WT mice (p < .05). These 

changes in tactile threshold over time were confirmed using a repeated measures (RM) 

ANOVA revealing a significant main effect of time [F(9,117) = 8.78, p<.0001] and a 

significant Time × Sex interaction [F(9,117) = 5.57, p< .0001]. Due to the similarities in the 

initial development of tactile allodynia, there was not a main effect of sex (p> .05).

Both male and female TLR4 deficient mice fail to develop cisplatin-induced allodynia

TLR4 signaling has been shown to play a role in a number of pain states including 

chemotherapy-induced polyneuropathies [Li et al., 2014;Park et al., 2014]. However, it is, 

again, important to note that TLR4 signaling has been reported to differ in male and female 

mice in mononeuropathies [Sorge et al., 2011; Stokes et al., 2013]. Thus, we examined 

whether male and female Tlr4−/− mice respond similarly to the polyneuropathic pain state 

initiated by cisplatin treatment. As shown previously in male mice, we found that there was 

no development of allodynia in male Tlr4−/− mice (Figure 3C). There was only one testing 

point (Day 21) when thresholds were significantly different from baseline (p < .05). 

Similarly, and in contrast to the previous work with a mononeuropathy, female mice did not 

develop tactile allodynia (Figure 3D), but do show one testing point (Day 21) that is lower 

than baseline. In a repeated measures ANOVA, there was a significant main effect of time 

[F (9, 63) = 2.873, p < .05]. No other results approached significance.

TRIF signaling plays a distinct role in male and female animals

All TLRs signal through either a TRIF-dependent or MyD88-dependent pathway, with the 

exception of TLR4, which uses both pathways (Figure 1A). Given a deficiency in 

TLR4completely prevents the development of cisplatin-induced polyneuropathy in either 

sex, we examined the role of each adaptor protein. First, we assessed the role of TRIF 

signaling. Tactile allodynia in male Triflps2 mice began to develop as soon as 48-hours after 

cisplatin treatment (Figure 3E). Thresholds continued to fall over the course of treatment 

and remained significantly lowered through D23, indicating the development of a persistent 

tactile allodynia (p < .05).

Female Triflps2 mice showed a significant decrease in threshold from Day 4 of treatment 

through Day 21 of testing (Figure 3F; p < .05). However, they remained significantly higher 

than male Triflps2 mice. These results were confirmed with an ANOVA yielding a 

significant main effect of sex [F (1,13) = 7.34, p < .05], and a significant main effect of time 

[F (9, 117) = 8.33, p < .05].
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MyD88 deficient mice show reduced development of cisplatin-induced tactile allodynia

When looking solely at the role of MyD88-dependent signaling, Park et al. (2014) found 

male mice deficient in MyD88 signaling exhibit slightly increased mechanical reactivity 

during cisplatin treatment, returning to baseline by day 30. In the present study, we found 

male Myd88−/− mice develop a slightly reduced tactile allodynia during the period of 

cisplatin administration, which does not change after cessation of treatment (Figure 3G). 

Similarly, female Myd88−/− mice do not show a significantly different threshold from their 

male counterparts (Figure 3H; p >.05), nor any difference from their baseline reactivity (p 

> .05).

Male and female Myd88−/−/Triflps2 mice are protected from the development of tactile 
allodynia following cisplatin treatment

As noted previously, all TLRs signal through MyD88 or TRIF. Male Myd88−/−/Triflps2 mice 

treated with cisplatin do not differ from Myd88−/−/Triflps2 mice treated with saline in 

mechanical reactivity (Park et al., 2014). We replicated this result in male and female mice, 

showing no development of tactile allodynia in response to cisplatin treatment (p >.05), and 

no significant sex differences (p >.05), indicating a crucial role of TLRs in the development 

of this pain (Figure 3I and J).

Male and female Tlr3−/− mice are protected from the development of tactile allodynia 
following cisplatin treatment

The TRIF pathway plays a distinct role in the development of cisplatin-induced neuropathy 

as demonstrated above. Both TLR4 and TLR3 utilize the TRIF pathway. We examined the 

contribution that TLR3 might play in TRIF signaling in this model. Mice deficient in TLR3 

signaling are protected from the development of tactile allodynia (Figure 3K and L). Neither 

group showed any difference from their baseline reactivity (p >.05).

Weights

Despite a lack of tactile allodynia in some of the groups, lack of normal weight gain or a 

frank weight loss indicated biological activity of the drug (Figure 4A–F). Weight was 

monitored throughout the 23-day testing. As indicated above there were differences in 

baseline weights between the males and the females, where the males were larger (Figure 

2A). However, there were no sex-related differences in weight change (p >.05). Both male 

and female WT mice (a) lose weight relative to baseline during the period of cisplatin 

treatment, with females recovering and even gaining weight. Tlr4−/− (b), Triflps2 (c), 

Triflps2/Myd88−/− (e), and Tlr3−/− (f) mice all lost weight during treatment, and returned to 

baseline weight by the end of testing. Myd88−/− (d) mice were the only group that did not 

lose weight and, instead, gained a significant amount of weight (p < .05).

Gabapentin transiently reverses established tactile allodynia

Tactile allodynia, in the time post cisplatin treatment, has been shown to have characteristics 

that resemble neuropathic pain [Park et al., 2013]. In the present study, we examined 

whether gabapentin, a drug effective in treating neuropathic pain, was effective in reversing 

established allodynia on Day 18. In those groups exhibiting signs of tactile allodynia 
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gabapentin was effective in transiently reversing the allodynia (Figure 5A–B). This was 

confirmed by a main effect of time [Male: F (1, 26) = 31.27; Female: F (1, 27) = 14.98, 

p’s<.05] and Bonferroni post hocs (p<.05).

Discussion

In the clinical population, a subset of males and females report prominent dysesthesias and 

hypersensitivities following treatment with chemotherapeutics. The present work sought to 

define mechanisms related to the polyneuropathy in males and females.

Sex differences in development of cisplatin induced polyneuropathy in mice

In preclinical work, it has previously been reported that male rodents develop a persistent 

tactile allodynia [Zhang et al., 2012; Park et al., 2013; Park et al., 2014; Robinson et al., 

2014; Yoon et al., 2014], and an associated aversive state as measured by the place 

preference paradigm [Park et al., 2013] following treatment with a variety of 

chemotherapeutics, but there is little data in female animals. Here, we replicated previous 

results showing a persistent allodynia in male WT mice treated with cisplatin. In female WT 

mice, we found that these mice developed an allodynia, which unexpectedly showed 

reversal over time. This result was particularly interesting and unexpected as, such sex 

differences have not been reported in humans, and, clinically, females have a higher 

incidence of chronic pain conditions[LeResche, 1999]. Often, the discrepancy in chronic 

pain conditions between sexes is attributed to differential pain threshold and sex hormones, 

among others [Mogil, 2012]. The present experiments do not provide evidence as to the 

mechanisms underlying these sex differences in the propensity to develop a persistent 

allodynia after cisplatin. It cannot be excluded that the differences in allodynia between 

male and female mice was associated with the lower absolute dose of cisplatin that the 

females received because they were lighter. However, as the baseline pain measures of 

mechanical reactivity between wild type male and female mice did not differ, and females 

showed a decrease in threshold during the period of cisplatin treatment commensurate with 

males, these results suggest that the female mice are not transitioning to a chronic pain state. 

This anomalous difference between the sexes provides an avenue to gain further insight into 

why a subset of the human population develops chronic pain.

Role of TLR4 in persistent pain

We have previously shown that TLR4 signaling mediates development of a persistent 

allodynia in the face of a transient tissue inflammation, e.g. a transition from an acute to a 

chronic pain state [Christianson et al., 2011]. In a mononeuropathy, TLR4 KO significantly 

attenuated the nerve injury induced allodynia in males, but not females [Sorge et al., 2011; 

Stokes etal., 2013]. These results raised the question of whether this sex difference could be 

generalized to the chemotherapy-induced polyneuropathy. In addition to assessing sex 

differences in the persistence of the cisplatin polyneuropathic pain state in the WT mice, we 

examined the role of TLR4 and innate immune signaling in the development of pain 

following cisplatin treatment. In the present work with cisplatin, we observed, in this model, 

that both male and female mice deficient in TLR4 signaling robustly fail to develop any 

change in sensory reactivity in response to cisplatin treatment. This demonstrates TLR4 
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activation is necessary for the development of cisplatin-induced tactile allodynia in both 

male and female mice, and is not just affecting a transition to chronic pain.

TLR signaling

TLR4 is unique in that it uses both MyD88- and Trif-dependent pathways in signaling. 

MyD88-dependent signaling results in the activation of NFκB and the increased release of 

pro-inflammatory cytokines and chemokines [Palsson-McDermott and O’Neill, 2004; 

O’Neill and Bowie, 2007], while Trif-dependent signaling results in the production of 

IFNβand a delayed activation of NFκB resulting in induction of pro-inflammatory cytokines. 

To gain further insight into potential mechanistic differences between male and female mice, 

we examined the development of pain in both male and female mice lacking these adaptor 

proteins. In MyD88 deficient animals, we found a significantly reduced tactile allodynia in 

female, but not male mice. We found a similar pattern in the TRIF deficient animals – the 

development of allodynia was significantly reduced in female, but not male mice. However, 

when animals are deficient in both MyD88 and TRIF signaling, neither group develops pain 

behavior. Together, these results suggest that both MyD88 and TRIF signaling contribute to 

the development of tactile allodynia in female mice, and to the persistent pain seen in male 

mice.

TRIF and MyD88 signaling pathways have been the focus of recent chemotherapeutic-

induced polyneuropathy research, yielding similar results [Li et al., 2014; Liu et al., 2014]. 

Other data suggest that the specific deletion of MyD88 in nociceptors expressing Nav1.8 

causes a decrease in the pain phenotype [Liu et al., 2014]. However, MyD88 deletion does 

not completely prevent the pain, suggesting an alternate pathway, such as TRIF signaling, 

may also be contributing. This is confirmed by our data showing TLR3 KO mice also do not 

develop mechanical allodynia in response to cisplatin administration. Importantly, in 

previous work we showed that TLRKO reduces the hyperpathia associated with 

mononeuropathy. The specific involvement of each of these pathways requires further 

examination.

Concluding comments

The role of the TLR4 and the downstream signaling cascades in the chemotherapeutic 

induced polyneuropathy has three interesting implications. 1) The effects of the TLR4 

mutation on the development of pain emphasize the potential role of endogenous TLR4 

ligands. We note that chemotherapeutics can initiate the release of damage associated 

molecular pattern (DAMP) protein, such as HSP90 or HMGB1 that can activate TLR4 

[Garg et al., 2010; Tesniere et al., 2010; Fang et al., 2014] and these agents have been 

implicated in the development of neuropathic states [Shibasaki et al., 2010; Feldman et al., 

2012; Maeda et al., 2013; Agalave et al., 2014; Agalave and Svensson, 2014]. 2) These 

studies raise the likelihood that targeting these cascades may have therapeutic utility. 

Administration of LPS-RS (i.t.) was shown to partially block the development of, and 

transiently reverse, CIPN in rats [Li et al., 2014] and the transition of the acute to chronic 

pain states in persistent inflammatory models in mice [Christianson et al., 2011]. Treatment 

with a MyD88 inhibitor also ameliorated the chemotherapeutic pain state [Li et al., 2014]. 

The utility of these approaches may depend upon the role of these components of innate 
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immunity in suppressing the immune response to tumor and limit their utility in persistent 

pain states present after dealing with the cancer. 3) These results emphasize that male and 

female mice should be examined in various models of chronic pain for potential differences 

in pain phenotype and further emphasizes the mechanistic heterogeneity of these nerve 

injury pain states. Thus, TLR4 displays sex differences in mono, but not polyneuropathies. 

In this regard, the difference between wild type male and female mice noted here provides 

an avenue to examine differences in signaling that protect the female mice from the 

development of persistent pain. This may lead to new insight into therapeutic interventions 

for the clinical population.
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What is already known about this topic?

• Male mice develop a persistent tactile allodynia after treatment with various 

chemotherapeutics, including cisplatin.

• Toll-like receptor signaling differentially regulates this pain.

What does this study add?

• In the present study, we examined the development of cisplatin-induced 

polyneuropathy in both male and female mice, finding that they do not show the 

same pattern of tactile allodynia.

• Signaling downstream of TLRs differentially regulates pain in male and female 

mice.

• TLR4 signaling differentially affects male and female animals in a 

mononeuropathy, but not in this polyneuropathy model, suggesting that sex 

differences should be further examined in multiple models.
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Figure 1. 
(a) Toll-like receptors (TLRs) signal through a MyD88-dependent and independent (TRIF) 

pathway. The MyD88-dependent pathway leads to the activation of NFκB and the induction 

of pro-inflammatory cytokines, such as TNF and IL-1β. (b) In the present experiments, we 

used several strains of knockout mice. The target protein, genotype nomenclature, and the 

type of protein deficiency are outlined.
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Figure 2. 
A summary of the mice used and the sample size are presented in (a) along with the baseline 

weights and tactile reactivity for each strain. All female mice were smaller than their male 

counterparts at baseline (p < .05), however there were no differences between the strains (b). 

Baseline reactivity between the strains of mice varied (p < .05), but no specific differences 

between the groups (c). Furthermore, all baseline values were above 1.5 g, indicative of 

normal reactivity (a, c).
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Figure 3. 
Tactile reactivity was assessed over a period of 23 days, both during and following cisplatin 

treatment. Male WT mice (a) develop a persistent tactile allodynia in response to cisplatin 

treatment. Unlike male mice, female WT mice develop an initial tactile allodynia, but return 

to baseline threshold by the end of testing, remaining significantly higher in threshold than 

their male counterparts. As shown in previous studies, a deficiency in TLR signaling 

protects male mice (C) from cisplatin-induced polyneuropathy. We found female Tlr4−/− 

mice (d) show the same response. Examining the role of the TRIF adaptor protein signaling 
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pathway, we found males develop a persistent tactile allodynia (e), while females (f) show a 

reduction in threshold, but return to baseline by the end of testing. Male Myd88−/− mice (g) 

show a slight reduction in threshold relative to baseline, but do not differ from their female 

counterparts (h). Blocking all TLR-related signaling in the Triflps2/ Myd88−/− mice results in 

complete protection from cisplatin-induced tactile allodynia in male (i) and female (j) mice. 

To further examine the role of TRIF signaling, we examined the response of Tlr3−/− mice to 

cisplatin and found a slight reduction in threshold in male (k), but not female (l), mice 

relative to their own baselines. There was no difference in threshold between the sexes.

* = p < .05 relative to baseline; # = p < .05 comparing male to female animals
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Figure 4. 
Changes in weight have been used to assess the biological activity and general state of 

health of rodents following drug treatments. We found that mice of both sexes (a–c, e–f) lost 

weight as a result of cisplatin treatment, except Myd88−/− mice (d). * = p < .05 in female 

mice, relative to their baseline; # = p <.05 in male mice, relative to their baseline
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Figure 5. 
Gabapentin has been shown to be effective in transiently reducing cisplatin-induced tactile 

allodynia. In the present experiment, mice were given a single injection (i.p.) of gabapentin 

(100 mg/kg) on Day 18 of testing. In those animals, both male (a) and female (b), 

experiencing tactile allodynia, gabapentin was effective in transiently reversing established 

tactile allodynia. * = p < .05
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